We proposed a relationship model between the exit velocity distribution and the shape of the extrusion profile. To verify the model, we designed multiple-extrusion ram differential extrusion and used the Arbitrary Lagrangian-Eulerian (ALE) method to simulate the natural bending deformation of the sheet metal. The die experimental test used a self-bending extrusion die for sheet metal was designed via a spline curve with inclination as the contour of the deflector chamber. The results showed that the standard arc profile was extruded when the exit velocity was linear, and the relative error between the predicted radius of curvature and the ALE simulation result was controlled within 5%. The relative error between the predicted value and the actual experimental result was 9.9%. Thus, this study can provide a reference for the design of self-bending extrusion dies.
Introduction
The extrusion process is widely used for processing components including those in construction, machinery, and vehicles [1] [2] [3] [4] [5] . Some profiles are designed to be curved and have high-precision requirements. Processing technology in pressing and bending is often used. The problem of rebound is unavoidable during the bending process and must frequently be repeatedly corrected-this can easily cause defects such as wrinkles, indentation, poor precision of parts, and increased difficulty of formation [6] [7] [8] [9] .
Several novel extrusion-bending integrated methods for forming curved profiles have been developed: One is based on external bending devices to influence material flow at the die exit orifice during extrusion. Müller [10] proposed an extrusion and bending integrated forming method, which achieved curvature by adjusting guide devices composed of serially placed bending discs at the die exit ( figure 1(a) ). The disc can be adjusted before extrusion to obtain a specified curvature. Another method for obtaining curvature is by adjusting the extrusion die structure and process parameters-the uneven flow in the metal extrusion process can be increased and used to directly extrude the curved parts. Shiraishi et al [11] , Nikawa et al [12] , and Takahashi et al [13] used an inclined diversion chamber structure of the extrusion die to extrude bars and tubes with curvature. The influence of die inclination angle as well as die aperture height and width on the curvature of the profile were studied ( figure 1(b) ). A curved tube can also be formed by multi-hole extrusion (MHE) [14] , which is based on the fact that the exit position of the die is offset away from the central axis of symmetry leading to an imbalance in metal flow. Chen et al [14] studied the effects of extrusion speed, initial forming temperature, billet size, extrusion ratio, and eccentricity ratio of holes on the bending shape of porous extruded aluminum alloy 7075 pipe profiles. Here, a billet was extruded through two holes and three holes. The results showed that the extrusion speed and low extrusion temperature will result in a large bending angle of the extruded tube. A smaller eccentricity ratio of the die orifices leads to a smaller tube bending angle. Shi et al [15] used the auxiliary extrusion rod in the extrusion die and realized extrusion of magnesium alloy bending profiles. Song et al [16] and Yin et al [17] used the finite element method to analyze the influence of eccentricity on the curvature of aluminum alloy bends and obtained the curvature-stroke curve at different eccentricities. The relationship between eccentricity and the curvature slope was also obtained. Zhou et al [18] [19] [20] used a differential velocity sideways extrusion (DVSE) process to directly extrude a bent pipe using two opposing punches. Kaya and Blackburn [21] added a choke pin at the exit of the extrusion die-the position of the choke pin was controlled by a computer, and the non-uniform flow of the material passing through the die exit was adjusted to extrude a bent pipe with various bending curvatures.
In summary, a specific die structure can extrude curved parts. Many researchers have studied the influence of die structural parameters on the bending curvature. Actually, the curvature of the extrusion parts is determined by the uneven extrusion velocity distribution at die exit. However, the relationship between the exit velocity distribution and the curvature of the curved part has not yet been established, which is necessary to determine die structure.
Here, we propose a corresponding relationship between exit velocity and the shape of the extruded profile. A mathematical model was then used for verification based on the ALE algorithm and actual industrial scale test. The main work is listed as follows:
(1) A mathematical model for the relationship between the exit velocity distribution and the shape of the extruded profile after extrusion stabilization was proposed.
(2) Numerical simulation model to design a multi-extrusion ram extrusion die. The metal flow rate at the entrance of the die was distributed at a 'linear stepped' speed. The Arbitrary Lagrangian-Eulerian (ALE) method was used to simulate the bending extrusion of the sheet, and the relationship between the exit speed and the shape of the extruded profiles was studied.
(3) Further simulation verification: several extrusion dies with various extrusion speed rams were designed, and the ALE method was utilized to simulate bending extrusion of the aluminum alloy sheet; the precision of the mathematical model was further verified with numerical simulation.
(4) Experimental verification: researchers designed the flow guiding die of the profile, performed a finite element simulation, and processed the test mode to verify the reliability of the mathematical model.
Materials and methods

Simulation and experimental materials
The AA6063 aluminum alloy ingot was used as a simulation workpiece material and experimental billet. True stress-strain curves of the homogenized AA6063 aluminum alloy were referenced to the thermal compression simulation experimental data in the [22] (figure 2), and its basic properties is shown in table 1. Steel H13 was selected for simulation and experimental dies material. The AA6063 aluminum alloy hollow cast ram was homogenized at 480°C for 6 h to eliminate the segregation caused by casting and improve the uniformity and plasticity of the alloy composition [15] . The 1000 T forward single-action extruder was used as the experimental equipment.
Mathematical model
In the study of plastic deformation of metal, the volume force is negligible compared to the surface force. For the extrusion self-bending process, there is no stress in the direction perpendicular to the bending deformation of the profile after metal extrusion. Therefore, the process of metal extrusion from bending deformation is a plane stress problem. As shown in figure 3, in the cylindrical coordinate system, stress tensor of the micro-element is ⎡ 
The momentum equation for the micro-element is:
The continuity equation is:
The geometric equation of strain rate is: Figure 2 . True stress-strain curves of the homogenized AA6063 aluminium alloy [22] under various strain rates and at the deformation temperatures: 
In plastic deformation, the relationship between strain rate and flow stress can be described by Arrhenius equation of the sine hyperbolic model [23] .
where n is Stress exponent, Q is Activation energy, R is Universal gas constant, A and α are material constants. After extruding the standard arc profile stably, the velocity of material points on the profile does not change and follows the bending direction. Therefore, the material derivative = 0,
r By introducing this boundary condition into equations (3)-(5), we obtain:
It can be known that the velocity distribution of material points on different radial sections is unchanged after extrusion stabilization; then from equation (7), we obtain:
By substituting this condition with = 0 DV Dt into equations (1), (2), we obtain:
Then from equation (7), we obtain:
can be obtained as follow:
where C 1 is a constant. Equation (12) shows that the velocity distribution of the material points of the radial section of the profile is linear when the ideal curved profile is stably extruded. Thus, we found that the arc profile extrusion process was similar to a uniform circular motion. The trajectory of each material point on the radial section during the extrusion process was arranged in a circular arc line as shown in figure 4 (a). This ensured that the same crosssectional shape is maintained in different radial sections. As shown in figure 4(b), the exit velocity distribution of the die was linear, the radius of curvature of the inside of the profile was R, the extrusion speed inside the arc profile was V inside , the extrusion speed outside the arc profile was V outside , and the die exit width was d.
As the inner and outer sides were standard circular trajectories and were extruded at the same time, that is,
Then,
Equation (14) implies that the magnitude of the bending radius of the profile is affected by the relative ratio of V outside and V inside , i.e., the unevenness of the extrusion speed across die exit. The linearity of the exit velocity distribution affects the accuracy of the bending. A higher linearity implies a closer bending deformation of the profile to the standard arc. This equation was verified in the differential velocity sideways extrusion (DVSE) process in [20] as shown in figure 5 . The extrusion velocity distribution on the longitudinal axis of the circular exit is linear, and it has similar results to the R c equation [20] . In this paper, the reliability of equation (14) was verified by differential velocity extrusion process simulation and experiment of the sheet profile.
Arbitrary lagrange-euler (ALE) method
The ALE method introduces a reference domain that is independent of the Lagrange material domain and the Euler space domain. Computational grid partitioning is performed in the reference domain [24] . It is convenient to obtain the required velocity distribution at the interface between the Euler domain and the Lagrange domain because the calculation process in the reference domain is always kept within the grid; therefore, this method is suitable for solving the problem of the relationship between the metal extrusion velocity and the deformation of the extruded profile.
The main idea of ALE algorithm is to allow computational mesh to move randomly, which is independent of the displacement of material [24] . In description of ALE, the time derivatives of material can be described as follows:
where c is the ALE coordinate, X is the Lagrangian coordinate, x is the Eulerian coordinate. Equation (15) forms the basic foundation of the ALE algorithm. The convective velocity c, which is the relative motion between material particle and mesh, is given by the following equation.
where v is the velocity of the material and v m is the velocity of the mesh. The expressions of v and v m are given in the following.
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X m when ALE domains coincide with material domains, that is, v=v m and c=0, then ALE formulation degenerates into a Lagrangian formulation. When ALE domains coincide with spatial domains, that is, v m =0 and c=v, then ALE formulation degenerates into an Eulerian formulation. The governing equation of ALE formulation can be given by the following conservation equations: Continuity equation:
Momentum equation:
Energy equation:
where ρ is the density, e is the internal energy per unit volume, q is the heat flux per unit area,  r is the thermal radiation per unit area, b is the force per unit volume, and σ is the stress tensor.
The operator splitting algorithm (OSA) is used to solve the ALE equations. The calculation on each time step is divided into two stages. The first is the Lagrange stage in which the mesh moves with the material to calculate the velocity changes. Since no material flows through element boundaries, the mass is automatically conserved. In the second stage, the internal energy and momentum passing through the element boundary are calculated. These can be considered the displacement mesh re-mapping from the Lagrange process back to its initial position or arbitrary position.
Multi-extrusion ram differential speed extrusion ALE numerical simulation model
This work used the ALE method for a numerical simulation of the multi-extrusion ram differential speed extrusion process ( figure 6 ). Plate-shaped profiles were investigated: The deformed sheet metal had a width of 20 mm, a thickness of 4 mm, and a length of 70 mm. Considering the convergence during calculation and the ideal exit velocity distribution, we designed the extrusion ram to contain 11 pieces.
In this model, the material in the inner part of the die was the Eulerian domain, and the workpiece below the die exit was the Lagrangian domain ( figure 7) . Thus, the required velocity distribution was obtained at the exit of the die without material deformation. The workpiece under the die exit was bent and deformed under a preset speed distribution, and the relationship between the exit velocity distribution and the material deformation was studied.
The initial process conditions of the extrusion were as follows: the workpiece preheating temperature was 480°C, the die preheating temperature was 450°C, the extrusion ram preheating temperature was 30°C, the friction factor of 0.3 was set on the interface between the billet and the die [24] , and 0.8 was set between the billet and extrusion rams. The time step was set to 0.01, and the velocity of the extrusion ram on the far left is set to 40 mm s −1 with stepwise variation from 40 mm s −1 to 45 mm s −1 with a step size of 0.5 mm (table 2).
Experimental verification method
The sheet metal with a section size of 80 mm×8 mm was built for FEM simulation and experimental verification. The distribution of exit velocity in the experiment coincides with that in FEM simulation, and the radius of curvature of the profile measured in the industry test is used to verify the mathematical model. The bending and forming of the extrusion die were designed as shown in figure 8 . The extrusion ratio is 17.67, and the extrusion speed is 10 mm s −1 . As in the case of the extrusion of a deflector die, the metal velocity in the middle of the deflector hole was faster than the sides. The deflector plate with the inner cavity was rectangular as shown in figure 9(a) . The outer contour of the deflector chamber was designed using the spline curve and inclined at a certain angle ( figure 9(b) ). Therefore, the metal extrusion was controlled. The experimental sheet metal self-bending extrusion dies are shown in figure 9 and were used to further validate the mathematical model.
Results and discussion
Analysis of profile deformation and die exit speed
The model no longer changed when the model calculation reached 600 steps. We considered that the calculation reached a steady state. At this point, the material deformed as shown in figure 10 . We observed that the material was bent only in one plane, and no distortion or deformation occurred in the other directions.
In the curved plane of the profile, as shown in figure 11 , after the initial speed was given by the plurality of the squeeze bars, the velocity distribution formed at the entrance end face of the die was linearly stepped. After passing through the cavity of the die, the velocity of the end face of the die was linearly distributed, and the slope of the distribution was reduced, which was attributed to the deformation coordination during the plastic deformation process of the metal. The exit velocity distribution function could be described by the following equation:
where V is die exit velocity and d is the distance from a point to the end on the slower side at the die exit.
Using the spatial position of the mesh nodes on the inside of the profile, we generated a fitting circle curve, as shown in figure 12 . We observed that the joint on the inner contour of the profile was very close to the arc, and the radius of the arc was 87.6 mm. We thus assumed that the constant linear distribution speed of the die exit could extrude the arc profile and that the quantitative relationship of the velocity distribution to the radius of the profile bend could be further determined. Thus, the proposed hypothesis model is reliable.
Further ALE simulation verification
In order to verify the reliability of equation (14) , the same multi-extrusion ram simulation test was carried out on five different models with different sizes of the sheet metal and different die exit velocity distributions. The simulation verification results are shown in figure 13 . We calculated the velocity on the inside and the outside of the profile, the relative ratio of V outside and V inside , the radius of the arc, and the relative error between the measurement results and the predicted results in each set of simulation tests. The results are shown in table 3.
As shown in table 3, the relative error between the predicted radius of curvature of equation (14) and the measured radius of curvature was controlled within 5% indicating that the prediction effect of equation (14) was better and that the exit velocity of the die was linear. These results further illustrate the reliability of the mathematical model. The arc profile was extruded, and the corresponding relationship between the two is shown in equation (14). 
Analysis of experimental verification results
The Lagrangian incremental method was used to simulate the self-bending extrusion process of the sheet as shown in figure 14, and this method could produce the velocity of metal flow in the industry tests where the curved inner velocity was V outside =158.1 mm s −1 and V inside =151.6 mm s −1 . Substituting equation (14) provided a radius of curvature of 1865.8 mm, and the finite element calculation provided a radius of curvature of 1822.4 mm; thus, the relative error was 4.3%. The resulting sheet profiles were compared to the extrusion experiments As shown in figure 15 , the extruded self-bending sheet had a radius of curvature of 2071.7 mm, which was 9.9% more than the predicted value. A higher degree of fit may be obtained by measuring the actual metal extrusion velocity at the exit of the die instead of the simulated result. This will be the focus of a future study.
Conclusion
The following conclusions are drawn.
1. When the exit velocity of the die was linear, the extruded aluminum alloy profile was a standard circular arc profile, and the relationship between the exit velocity distribution of the die and the inner radius of the extruded arc profile was as follows:
This equation is not affected by the extrusion process but only describes the relationship between the exit velocity and the bending radius, which has a wide range of applicability.
2. Multi-extrusion ram differential speed extrusion was combined with the ALE method for simulation. This approach can easily study the relationship between exit speed and bending deformation. The relative error between the predicted radius of curvature of equation (14) and the ALE simulation result was controlled within 5%. The hypothesis model has good reliability.
3. Self-bending deformation experiments with sheet metal showed that the relative error between the radius of curvature calculated using equation (14) , and the actual experimental result was 9.9%. Equation (14) had a good prediction effect and could provide an index reference for the optimization design of the new process with a self-bending extrusion die.
